Blood-brain barrier (BBB) disruption plays an important role in pathophysiological progress of ischemic stroke. However, our knowledge of the dynamic change of BBB permeability and its mechanism remains limited. In the current study, we used a non-human primate (NHP) MCAO model and a serial CSF sampling method that allowed us to determine the dynamic change of BBB permeability by calculating the CSF/serum albumin ratio (AR). We showed that AR increased rapidly and significantly after ischemia, and the fold increase of AR is highly correlated with the infarction size during the subacute phase. Moreover, we determined the temporal change of MMP-1, MMP-2, MMP-3, MMP-9, MMP-10, MMP-13, TIMP-1, and TIMP-2 in CSF and serum. Each MMP and TIMP showed different change patterns when comparing their values in CSF and serum. Based on the longitudinal dataset, we showed that the fold increase of MMP-9 in serum and CSF are both correlated to infarction size. Among the measured MMPs and TIMPs, only MMP-2, MMP-13, and TIMP-2 in CSF correlated with AR to some extent. Our data suggest there is no single MMP or TIMP fully responsible for BBB breakdown, which is regulated by a much more complicated signal network and further investigations of the mechanisms are needed.
Introduction
From 2000 to 2012, stroke was found to be the second most common cause of death worldwide. 1 Tissue plasminogen activator (tPA) remains the only FDAapproved treatment for acute ischemic stroke, yet only a few patients receive such treatment due to its narrow therapeutic window and serious side effects. 2 Homeostasis of blood-brain barrier (BBB) is essential to material change between brain and systemic circulation. 3 Breakdown of BBB plays a pivotal role in pathophysiological process of ischemia and thrombolytic treatment. 4 In general, BBB is part of the Neurovascular Unit (NVU), within which the cell-cell and cell-matrix communications hold the normal structure and function of the brain. 5 BBB breakdown causes NVU integrity loss and results in irreversible damage of central nervous system (CNS). 6 Despite the importance of BBB, however, our knowledge for dynamic change of BBB permeability, and its regulatory mechanism, during ischemia and reperfusion, remains very limited. 7 The matrix loss and breakdown of basement membrane due to matrix metalloproteinases (MMPs) is one of the major reasons that leads to BBB permeability increase and malfunction of NVU. 8 MMPs are a family of more than 20 secreted and cell surface zincand calcium-dependent endopeptidases that degrade extracellular matrix proteins such as collagen IV, laminin, fibronectin, and proteoglycans. 9 They are involved in many pathological conditions in CNS including cerebral ischemia. 10 Despite the strong redundancy of activities of different types of MMPs, there is accumulating evidence that MMP-2, MMP-3, and MMP-9 play more important roles in BBB disruption and cerebral edema during ischemic stroke. 8, [11] [12] [13] [14] The activities of MMPs are tightly regulated by their inhibitors, the tissue inhibitors of metalloproteinases (TIMPs). Recently, global responses of different types of MMPs after ischemic stroke have been reported in either brain parenchyma [15] [16] [17] or blood stream. 18 Nevertheless, how the secreted MMPs in extracellular space of ischemic brain changes, where they really exerted their activities, has not yet been reported.
In the current study, we used a method newly developed in our lab to sample cisterna magna cerebrospinal fluid (CSF) from monkey in a serial pattern that allowed us dynamically monitoring the permeability change of BBB in every single animal insulted by ischemia and reperfusion. Moreover, we determined the levels of MMPs and TIMPs in CSF during the acute phase (0-24 h) and subacute phase (one to seven days) following transient middle cerebral artery occlusion (tMCAO) induced by a minimally invasive catheterization method in rhesus monkeys. This longitudinal dataset from each single animal enabled us to investigate possible correlation between levels of secreted MMPs in brain side, other than the blood side, and BBB permeability change during ischemia and reperfusion.
Materials and methods

Experimental animals
Twenty-three adult, male rhesus monkeys, weighing 4-7 kg and aged three to five years, were provided by Sichuan Green-House Biotech Co., Ltd, Sichuan Province, China. They were housed in individual monkey cages under standard laboratory conditions (room temperature: 22 AE 2 C; humidity: 60%-70%; 12-h/12-h light-dark cycle; free access to standard chow and tap water) for two weeks prior to surgery. Animals were euthanized by intravenous administration of 3% pentobarbital sodium veterinary euthanasia solution (1 mL/kg) at eight days after reperfusion. All the experimental procedures were conducted in accordance with the Guidance Suggestions for the Care and Use of Laboratory Animals, formulated by the Ministry of Science and Technology of People's Republic of China, as well as AAALAC-related animal ethical criteria. The protocols were approved by the Animal Care Committee of the Sichuan University West China Hospital (Chengdu, China). All the animal experiments were performed in accordance with the Animal Research: Reporting in Vivo Experiments (ARRIVE) guidelines.
tMCAO
The animals were fasted 12 h prior to surgery. Before the endovascular procedure, the animals were intubated with a cuffed endotracheal tube (inner diameter, 3.0 to 3.5 mm). Anesthesia was maintained by constant-rate propofol (AstraZeneca, 10 mg/mL) infusion (0.3-0.4 mg/kg/min) into the forearm vein. The animals were connected to monitoring equipment (BeneView T8, Mindray, China) that measured the electrocardiogram, pulse, heart rate, arterial oxygen pressure, and rectal temperature. A digital subtraction angiography (DSA) system (Allura Xper FD20, Philips, the Netherlands) was utilized to determine the conditions of cerebral perfusion. Following a routine disinfection and draping procedure, a 5F arterial sheath (Terumo Corporation, Japan) would be placed into the right femoral artery using the Seldinger technique as reported. 19 Briefly, a 5F guiding catheter (Envoy, Johnson & Johnson, USA) was placed in the initial segment of the right internal carotid artery (ICA) and then the right ICA angiography was performed. Afterwards, a microcatheter (Excelsior Õ SL-10, Stryker, USA) would be inserted with a micro wire (Synchro Õ 14, Stryker, USA) into the distal end of the M1 segment of middle cerebral artery. 20 The micro wire was then withdrawn and super-selective MCA angiography would be performed. After the microcatheter angiography, a Guglielmi Detachable Coil (GDC, 102 Â 4, Stryker, USA) was deployed in M1 segment (but not detached) to induce embolus formation. Five minutes later, the M1 segment would be completely occluded by the micro coil which got confirmed by the ICA angiography. The MCA was occluded for 2 h and then the GDC coil would be removed from the M1 segment to restore MCA blood flow. The physiological parameters (blood pressure, heart rate, body temperature, SpO 2 , and glucose) in rhesus monkeys subjected to transient ischemic stroke were monitored during the whole procedure (Supplementary Table 1 ).
Brain infarction size determined by MRI scanning
The infarction of ischemic and reperfusion injury was determined by MRI scanning before MCAO, and 2 h, 24 h, seven days after reperfusion. The animals were anesthetized using 0.1 mg/kg Zoletil 50 (Virba, France) prior to scanning of T1, T2 fluid-attenuated inversion recovery (T2 FLAIR), and diffusion weighted image (DWI) using a 3.0-T scanner (Signa-Excite, GE, USA). The relative infarction volume was measured based on T2 FLAIR images and the data were analyzed using MRIcro software (1.40 build 1, USA). The area of abnormal hyperintensity was traced on each MRI slice. The volume was derived from the area and slice thickness. For each slice, the total brain parenchyma area was also measured, and then the total brain parenchyma volume was calculated. Each slice was measured by two technicians who were blinded to the neurologic assessments.
Neurological behavioral assessment
Neurological behavioral assessment was conducted before surgery and every day throughout the seven days of reperfusion using a neurologic deficits scoring scale for monkeys after embolization as reported. 21 Of the 100 points possible, 28 are assigned to consciousness, 22 to the sensory system, and 50 to the motor system. In motor system, 18 are assigned to skeletal muscle coordination. To evaluate the neurofunctional deficit more objectively and accurately, we also used an automated non-human primate (NHP) neurobehavioral monitoring and analyzing tool (Primatescan, CleverSys, USA; Supplementary Figure 2 ) to capture and analyze the behavioral 24/7 throughout the experiment for each single animal as reported. 22 We chose the total walking distance and resting time to indicate general motor activity, the hanging (vertical or cuddled) frequency to indicate upper limb strength, the ratio of moving left to right to indicate the coordination.
A serial cisterna magna CSF sampling method and dynamic assessment of BBB permeability
We used a minimally invasive catheterization method to sample the CSF from cisterna magna. Briefly, it includes the following steps: (1) Lumbar puncture: Monkeys were anesthetized by injecting 0.1 mL/kg Zoletil 50 (Virbac, France) intramuscularly and placed on their left side. One operator bended monkey's neck and brought its knees toward the chest to approximate the intervertebral space as much as possible. Under aseptic conditions, another operator inserted a needle between lumbar vertebrae L3/4, L4/5, or L5/6 and pushed it until there was a ''give''. This indicated the needle passed the ligamentum flavum. The needle was again pushed until a second ''give'' appeared, which indicated the needle was past the dura mater. The stylet from the spinal needle was then withdrawn and drops of CSF were collected. (Supplementary Figure 5 (a) (2) Catheterization: The epidural catheter was inserted through the puncture needle into the subarachnoid space. The catheter tip went through the subarachnoid space and finally floated in the cisterna magna under the guidance of X-ray (Supplementary Figure 5 (b)). (3) The embedding of sampling port: A 5-cm long cut was made from the puncture point to the head direction on the back, and then the skin was isolated from subcutaneous tissue to leave enough interspace for placing the port. A sampling port was inserted and connected to the other side of epidural catheter, and followed by the suturing of the incision. Monkeys can be fully recovered the day after surgery. (4) CSF sampling: To sample CSF, the monkey's body was restrained by the bars of each cage, and its limbs were grasped downward by one experimenter to keep its back bent and fully exposed. Then a syringe would be inserted into the center of sampling port, and then the CSF from cisterna magna could be extracted through the catheter. In the current study, we collected CSF and blood simultaneously 24 h before tMCAO as control, and then at 2 h, 4 h, 6 h, 8 h, 12 h, 18 h, 24 h, two days, three days, four days, five days, six days, and seven days after reperfusion. The CSF and serum albumin were measured by enzyme-linked immunosorbent assay (ELISA) (ab108788, abcam, USA) and colorimetric method, respectively. AR ¼ albumin in CSF (mg/L)/ albumin in serum (g/L). (5) The quality assessment of CSF: (a) General observation: colorless, clear, and transparent, without clot; (b) CSF cell count: less than 5 WBC/mm 3 ; (c) Total protein qualification of CSF: Only those CSF with total protein level the 0.21 AE 0.07 mg/L were used for this study.
Quantification of MMPs in CSF and blood
Measurement of MMPs and TIMPs from 9 out of 17 monkeys chosen at random was performed using Luminex system for three panels of human MMPs including MMP-1, -2, -3, -9, -10, -13, TIMP-1 and TIMP-2 (HMMP1MAG-55K/HMMP2MAG-55K/ HTMP1MAG-54K, MILLIPLEX, Germany). Lower detection limits were as follows: MMP-1, 27 pg/mL; MMP-2, 68 pg/mL; MMP-3, 146 pg/mL; MMP-9, 14 pg/mL; MMP-10, 27 pg/mL; MMP-13, 58 pg/mL, TIMP-1, 20 pg/mL; TIMP-2, 49 pg/mL. Each sample was run in duplicate and the average value was used as the final number and was plotted against the standard curve generated with human MMP panel standard provided with each kit.
Statistical analysis
All data were expressed as mean AE standard error of mean (SEM). All graphs were generated using GraphPad Prism software (version 6.0, San Diego, CA, USA). The difference among the means of the groups is determined with the one-way ANOVA, followed by the Tukey test. Comparisons between values of each time point were performed with Student's t-test or Mann-Whitney U test depending on the normality of distribution. The correlations between AR, injury size, and MMPs or TIMPs were analyzed statistically by using Pearson's correlation. For correlations between injury volume and AR, the AUC or maximum value of AR for each animal was used. For correlations between MMPs and AR, their values of each time point and each animal were used. P values of less than 0.05 were considered significant in all analysis.
Results
An NHP tMCAO model induced by minimally invasive catheterization
Using a minimally invasive catheterization method as described in the method, we successfully mimicked transient cerebral ischemia and reperfusion injuries in 19 rhesus monkeys ( Table 1 ). The DSA showed the occlusion of right middle cerebral artery for the first 2 h and the reperfusion afterwards (Figure 1(a) ). During the 2 h of occlusion, the monkeys were under anesthesia as described in the method. The T2 FLAIR and DWI scanning showed a gradual development of infarction size of total brain volume from 1.40% AE 0.32% at 2 h, to 2.95% AE 0.48% at 24 h, and 3.12% AE 0.57% at seven days after reperfusion ( Figure  1(b) and (c)). The edema determined by apparent diffusion coefficient (ADC) map was roughly coincident with the T2 FLAIR and DWI indicated injury area at 2 h and 24 h after reperfusion, and gradually faded away (Figure 1(b) ). The average neurological assessment score increased to 23.4 AE 1.5 at 24 h and gradually decreased to 20.3 AE 1.8 at seven days after reperfusion ( Supplementary Figure 1(a) ). As monitored and calculated by the automotive primate neurobehavioral software PrimateScan, the average walking distance dropped from the normal 486.4 AE 73.5 m/day to 48.7 AE 6.4 m/day at 24 h and increased gradually back to 192.3 AE 41.7 m/day at seven days after reperfusion ( Supplementary Figure 1(b) ). The resting time increased from 13.0 AE 0.6 h/day of normal to 18.1 AE 0.7 h/day at 24 h and dropped back to 16.0 AE 0.7 h/day at seven days after reperfusion ( Supplementary Figure 1(c) ). The hanging frequency dropped substantially from 946.9 AE 260.2 times/day to 61.2 AE 34.1 times/day at 24 h and remained relatively low at 123.7 AE 73.9 times/day at seven days after reperfusion ( Supplementary Figure 1(d) ). Correspondingly, the landing from the top to the ground dropped from 104.2 AE 42.7 times/day to 15.0 AE 9.1 times/day at 24 h and remained low at 17.1 AE 2.6 times/day at seven days after reperfusion ( Supplementary Figure 1(e) ). The body coordination was determined by calculating the ratio of moving left and moving right within each day after reperfusion. Our data indicated that it dropped from the normal of 0.99 AE 0.02 to 0.94 AE 0.03 at 24 h and 0.87 AE 0.04 at seven days after reperfusion ( Supplementary Figure 1(f) ). Notes: Monkey 10089 and 09001 died at 17 h and 30 h after reperfusion respectively, while 09149 and 11355 were dropped because of the failure of model establishment.
The longitudinal assessment of BBB permeability
To assess the dynamic change of BBB permeability after ischemia and reperfusion, we sampled cisterna magna CSF and blood before occlusion and then at 2 h, 4 h, 6 h, 8 h, 12 h, 18 h, 24 h, 2 days, 3 days, 4 days, 5 days, 6 days, and 7 days after reperfusion. We successfully collected qualified CSF samples from 17 out of the 19 monkeys that went through the tMCAO surgery. The normal level of AR varies among the animals and the range is 2.16 AE 0.28 (Figure 2(a) ). To accurately indicate the permeability change of BBB, we calculated the fold increase of AR, which increased significantly to 1.81 AE 0.14 within the first 24 h and remained relatively high in the next seven days (Figure 2(b) ). The pattern of BBB permeability change varies greatly among the animals (Figure 2(a) ). The AUC of the fold increase of AR showed a great correlation with the relative infarction volume seven days after reperfusion (r ¼ 0.8507, p < 0.0001; Figure 2(c) ). The maximum fold increase of AR also showed a great correlation with injury size at day 7 after reperfusion (r ¼ 0.7560, p ¼ 0.0004; Supplementary Figure 3 ).
The temporal assessment of MMPs and TIMPs in CSF and blood
We measured concentrations of MMP-1, MMP-2, MMP-3, MMP-9, MMP-10, MMP-13, and their inhibitors TIMP-1 and TIMP-2 in both CSF and serum. All the MMPs and TIMPs showed very different changing pattern when comparing each of them between CSF and serum. In CSF, the MMP-1 dropped to half of its baseline level (88.0 AE 17.2 pg/mL) and then started increasing around 12 h after reperfusion. It reached a peak of 323.9 AE 105.1 pg/mL four days after reperfusion and remained relatively high (Figure 3(a) ). In serum, MMP-1 started increasing at 4 h and reached the peak of 509.4 AE 195.1 pg/mL. It dropped back to its baseline level at two days and increased again and peaked at five days after reperfusion (Figure 3(b) ). The MMP-2 in CSF only showed a mild increase and remained relatively steady (Figure 3(c) ). On the contrary, the serum MMP-2 level increased rapidly within the first 24 h and dropped gradually to its baseline level (178.9 AE 17.8 ng/mL) during the subacute phase (Figure 3(d) ). The MMP-3 in CSF dropped to 71.9 AE 9.6 ng/mL from its baseline level 107.1 AE 21.6 ng/ mL during occlusion, and then increased mildly during the next seven days of reperfusion, although the changing pattern varied greatly (Figure 3(e) ). In serum, MMP-3 increased transiently during the occlusion phase (p < 0.05 compared with control, similarly hereinafter) and returned back to its baseline level (74.2 AE 8.6 pg/mL) rapidly during the first few hours of reperfusion (Figure 3(f) ). The MMP-9 in CSF first dropped significantly during ischemia from 0.8 AE 0.2 ng/mL to 0.2 AE 0.1 ng/mL (p < 0.05), and then started increasing during acute phase. The CSF level of MMP-9 during subacute phase varied greatly (Figure 3(g) ). The MMP-9 in blood showed a pattern of double phase increase, once during acute phase (p < 0.05 at 8 h), the other one in subacute phase although not in every animal (Figure 3(h) ). The MMP-10 in CSF increased gradually during the first 48 h and then dropped gradually afterwards (Figure 3(i) ). In serum, MMP-10 increased gradually during acute phase and dropped even below its baseline level (55.2 AE 5.5 pg/mL) after three days of reperfusion (Figure 3(j) ). The MMP-13 in CSF remained relatively steady while a few animals showed a mild decrease within the first three days of reperfusion (Figure 3(k) ). In serum, MMP-13 increased dramatically during ischemia from 0.7 AE 0.1 ng/mL to 25.2 AE 11.3 ng/mL, (p < 0.05), and dropped rapidly afterwards (Figure 3(l) ). The TIMP-1 dropped rapidly during the acute phase in both CSF (p < 0.05 at 0, 2, and 6 h) and blood (p < 0.05 at 0 and 6 h). It reached back to its baseline level gradually in serum but remained low in CSF (Figure 3(m) and (n) ). The TIMP-2 also dropped rapidly during the ischemia phase in both serum and CSF. They gradually reached back to its baseline level and then dropped again during subacute phase (Figure 3(o) and (p) ).
Correlations between MMPs, AR, and injury size
The longitudinal sampling empowered us to investigate correlations between MMP, AR, and infarction. Our data showed the fold increase of MMP-9 during acute phase is correlated with brain injury size at 24 h after reperfusion, in both CSF (r ¼ 0.7993, p ¼ 0.0097; Figure 4 (a)) and blood (r ¼ 0.8052, p ¼ 0.0088; Figure 4(b) ). The fold increase of MMP-13 in blood during acute phase was correlated with injury size at 24 h of reperfusion (r ¼ 0.8630, p ¼ 0.0027; Figure 4(c) ).
At every sampling point of the subacute phase, we have measured value of AR and MMPs. The Pearson correlation test showed the AR change was positively correlated with MMP-2 (r ¼ 0.5714, p < 0.0001; Figure 4 (d) and Table 2 (a)), MMP-13 (r ¼ 0.3766, p ¼ 0.0028; Figure 4 (e) and Table 2(a)) and TIMP-2 (r ¼ 0.4319, p ¼ 0.0005; Figure 4 (f) and Table 2(a)) in CSF. The AR change was also correlated with MMP-1 and MMP13 in blood. The MMP-2/TIMP-2 ratio also showed some correlation with AR (r ¼ 0.3864, p ¼ 0.0021; Figure 4(g) ). None of the other MMPs or TIMPs that we measured, neither in CSF nor in blood, showed correlation to AR change ( Table 2 ).
Discussion
Developing NHP models with consistent and a reproducible ischemic lesion and syndrome has always been desirable for mechanisms and preclinical studies for ischemic stroke. Various types of NHPs such as marmosets, cynomolgus monkeys, and rhesus monkeys have been reported for modeling ischemic stroke. 20, 21, 23 With technological advancement, early invasive surgical methods such as internal carotid ligation or MCA clipping through transorbital procedures or craniotomy have gradually faded away. 24 Early endovascular method using embolus, glue, or inflatable balloon to occlude MCA usually resulted in variation of injury location and volume. 25 In the current study, we delivered a microcoil which can accurately induce embolization in monkey MCA using a minimally invasive catheterization method, as previously reported. 25 The relative injury size to whole brain volume of the model is very close to the mean injury size of human patients ($4% of whole brain volume at seven days after treatment). 26 Considering that rodent MCAO models usually presenting an injury size 30%-40% to its brain volume, the pathophysiological process in those models probably differ too much from real human conditions. This might explain, to some extent, the low clinical transformation of stroke drug development based on rodent models. The closer kinship of the experimental animal with human being and the likeness of the relative brain injury size might make our model closer to real human pathophysiological conditions and might have a higher clinical translational capacity.
One more advantage of using monkey as the experimental animal is that it provides much more CSF, which is one of the best biological samples to study the chemical and biological extracellular environment of cells in CNS, than rodents. Proteins concentration in CSF reflect the concentration of extracellular protein. 27 However, due to technical limitations, rare studies so far have been able to use CSF samples, especially longitudinal samples from a single animal. Rodents, the most commonly used model animals in stroke study, only provide limited CSF sample (e.g. 10-15 mL for mice) after animal sacrifice. The human CSF is approachable, but the ethics and lack of control limited its applicability. In the current study, we used a novel CSF sampling method developed in our lab that empowered us to repeatedly sample CSF from cisterna magna under fully sober condition, and then calculated temporally of the AR that has been widely used as a good indicator of BBB permeability. 28, 29 Traditional methods for measuring BBB permeability (i.e. Evans blue or immunostaining of extracellular IgG and iron) usually require sacrificing animals that makes it impossible to do longitudinal analysis. In recent years, the molecular imaging such as dynamic contrast-enhanced MRI (DCE-MRI) 29, 30 enables researchers to observe the change of BBB permeability in a longitudinal way, but the cost and inconvenience using MRI prevented the widely use of this method.
The BBB is not only a barrier between CNS and systematical circulation, but also an important interface for bioactive molecules entering and exiting the brain. Thus, it is very essential to maintain the homeostasis of the CNS. 5 Accumulating evidence, including our data presented in this manuscript, showed strong correlation The correlation of fold increase of MMP-9 in CSF and brain injury volume at 24 h after ischemia and reperfusion (b) the correlation of fold increase of MMP-9 in blood and brain injury volume at 24 h after ischemia and reperfusion (c) the correlation of MMP-13 in blood and brain injury volume at 24 h after ischemia and reperfusion. between BBB disruption and the outcome of the ischemic stroke. 8, 31 Although BBB disruption has been a focus for years in the field of stroke prevention, treatment, and recovery, we still know very little of the dynamic change of BBB and its molecular regulatory mechanism during the process of ischemic stroke and reperfusion. 8, 32 In the current study, we were able to monitor the dynamic change of BBB permeability in a relatively convenient and inexpensive way in each single animal. However, we have to admit that the serum albumin dropped too much within the first 24 h, which may be due to the loss of blood during the surgery, and there might not be enough time for albumin to rebalance between CSF and blood. Since the cornerstone of AR as an indicator for BBB permeability is the entering of albumin from serum to brain, we chose not use the calculated ARs within the first 24 h as indicators of BBB permeability. Nevertheless, the AR calculated afterwards still provides a reliable indicator for longitudinally tracking of the BBB permeability. As to the method using AR as a surrogate for BBB permeability per se, we acknowledge that serum proteins such as albumin entering CSF move through the epithelial layer of choroidal plexus rather than the endothelial layer of BBB under physiological conditions, 33 which makes AR not a perfect proxy for BBB permeability. However, it would be a bit different under pathophysiological conditions such as ischemic stroke. Firstly, strong evidence indicated that BBB does compromise under ischemic/reperfusion conditions, which theoretically would allow serum proteins entering into CSF by crossing BBB. 7, 34 Secondly, the occlusion of middle cerebral artery usually does not affect too much of the choroidal plexus. Therefore, we believe the fold increase of AR would serve as a good indicator of BBB breakdown here.
The longitudinally sampled CSF also enabled us to measure dynamic changes of almost any molecules in CSF concurrently with measuring AR in every single animal. This dataset enabled us to investigate possible correlation between AR and injury size, with almost any molecule that we can measure in CSF, such as MMPs and their inhibitors in this case. Here, we showed for the first time the temporal changes that all main secreted MMPs concurrently in the excellular space of the brains of stroked animals. There is accumulating evidence indicating MMPs, especially MMP-2, MMP-3, and MMP-9 play essential role in breaking down of BBB in stroke. However, no study yet has measured the change pattern of secreted MMPs in brain side, on which the MMPs truly exert their actions. To note, the substrates of MMPs are all located in the base membrane, such as the gelatins, fibronectin, laminin, and collagen. 35 The multiplexing method enabled us to measure all these MMPs and their inhibitors using only 50 mL samples. The MMP-2 and MMP-9 results from the multiplexing method were validated using traditional ELISA method ( Supplementary Figure 4 ). In the present study, we showed the change patterns of all measured MMPs and TIMPs differ greatly between CSF and blood. Although the comparably low levels of MMPs, as well as the small sample size of CSF prevented us to measure the activities of MMPs, it is certainly a drawback of the current study. Nevertheless, we found a strong correlation between the fold increase of MMP-9 (maximum MMP concentration against the baseline level) during the acute phase, in both blood and CSF, and the infarction size at seven days after reperfusion. This result is consistent with previous studies showing blood MMP-9 as a good indicator of stroke outcomes. 36 However, out data showed the MMP-9 level in neither CSF nor blood has a correlation with the AR. This might suggest the MMP-9 contributes to the infarction development in a BBB-independent way. Moreover, our data showed that serum levels of MMP-1 and MMP-13 have some good correlations with AR, which is also consistent with the previous study, 18 that would make them potential biomarkers for BBB damage. It would be interesting to see if they could be combined as a diagnostic panel to serve for this purpose when more data are gathered in the future. Within all the MMPs and TIMPs we measured, MMP-2, MMP-13, and TIMP-2 showed good correlations with AR to some extent. This suggests that the major players in brain side that regulated the BBB permeability are these three. Our result is contradicted to previous studies using TIMP-2 knockout mice, which showed increased Evans blue leakage. 37 However, lots of studies showed double roles of TIMP-2 as a regulator of MMP-2. [38] [39] [40] [41] [42] Also, considering the complexity of the regulating networks of MMPs, any single knockout animal could have a totally different regulating network and the butterfly effect might cause a totally different outcome.
Based on a study using only nine animals, we cannot draw any absolute conclusion on which MMP is more and which MMP is not important to the stroke outcome and BBB disruption. However, the novel NHP stroke model with a clinically related infarction size, and an easy access to cisterna magna CSF, enabled us to measure BBB permeability dynamically in a cost-effective way, and to further explore possible regulators of BBB permeability from the CNS side in the future. 
